The ciliary body of the eye is a nonneural tissue that is derived from the anterior rim of the optic cup, an extension of the neural tube. This tissue normally does not contain neurons and functions to produce components of the aqueous humor. We found that intraocular injections of insulin, EGF, or FGF2 stimulate NPE cells to proliferate and differentiate into neurons. These growth factors had regionspecific effects along the radial axis of the ciliary body, with insulin and EGF stimulating proliferation of NPE cells close to the retina, while FGF2 stimulated the proliferation of NPE cells further toward the lens. Similar region-specific effects were observed for accumulations of neurons in the NPE in response to injections of different growth factors. The neurons derived from NPE cells express neurofilament, ␤3 tubulin, RA4, calretinin, Islet1, or Hu, and a few produced long axonal projections, several millimeters in length that extend across the ciliary body. Our results suggest that the ciliary body has the capacity to generate retinal neurons, but normally neurogenesis is actively inhibited.
Introduction
The retina develops from an evagination of the ventral diencephalon. This evagination forms into a cup-shaped optic vesicle with two layers: the inner layer becoming the retina and the outer layer becoming the pigmented epithelium. As development proceeds, progenitor cells within the presumptive retina proliferate and differentiate into neurons in a highly ordered manner. Neuronal differentiation begins in central regions of the retina and proceeds to peripheral regions (see Hartenstein and Reh, 2002 for review) . In fish and amphibians, the peripheral edge of the retina retains neural stem cells, in a ciliary marginal zone (CMZ) , that continue to divide and produce new neurons that are added to the retina throughout life (reviewed by Reh and Levine, 1998; Hitchcock, 1997, 2000) . We have recently discovered that postnatal chickens have progenitor cells at the retinal margin that resemble the CMZ cells of fish and amphibians in that they proliferate and produce neurons that are integrated into the peripheral edge of the retina (Fischer and Reh, 2000) . These cells are similar to embryonic retinal progenitors; they are mitotically active and coexpress the homeodomain transcription factors Pax6 and Chx10 (Fischer and Reh, 2000) .
Adjacent to the CMZ is a distinct anatomical structure known as the ciliary body, which, like the retina and CMZ, is derived from the optic cup. During embryogenesis, unidentified mechanisms inhibit the proliferation of cells at the anterior rim of the optic vesicle and prevent the production of retinal neurons (see Beebe, 1986 for a review). The ciliary body contains a two-layered cuboidal epithelium: the outer layer is pigmented and is continuous with the pigmented epithelium of the retina, while the inner layer is nonpigmented epithelium (NPE) and is continuous with the neural retina. The ciliary body can be subdivided into two regions: the pars plana and the pars plicata. The pars plana is flat and is continuous with and anterior to the peripheral edge of the retina. The pars plicata is folded and is continuous with and anterior to the pars plana. A recent report from Zhao et al. (2002) has suggested that BMP signaling is important for the formation of the ciliary body from the anterior rim of the optic vesicle.
The ciliary body normally does not contain any retinal neurons in birds or mammals. However, a recent study of monkeys (Ͼ7 years of age) has provided evidence that neuron-like cells occur in the NPE of the ciliary body, particularly surrounding degenerative cysts in the pars plana Fig. 1 . Injections of insulin and FGF2 stimulate the differentiation of neurofilament-expressing neurons in the NPE of the ciliary body. Whole-mount preparations of the ciliary body were labeled with antibodies to neurofilament. Eyes received 5 consecutive bidaily injections starting at P3, and tissues were obtained 5 days after the final injection at P16. Tissues were obtained from eyes that were uninjected (A) and eyes that received injections of insulin alone (B) or FGF2 alone (C) . No neurofilament-immunoreactive cells were found in uninjected eyes (A). In eyes treated with insulin, many neurofilamentimmunoreactive cells were found in the NPE of the pars plana, less than 600 m anterior to the retinal margin (B) . In tissues treated with FGF2, neurofilament-immunoreactive cells were found in the NPE of the pars plana and pars plicata (C). Arrows indicate neurofilament-immunoreactive cells. Areas boxed-out with green lines are expanded 3-fold in the panels directly below. The area left of the yellow line in (A-C) is the neural retina, and the area to the right is the NPE of the ciliary body. The calibration bar (50 m) in (C) applies to (A-C). (D) Histogram illustrating the number of neurofilamentexpressing cells in the NPE of the ciliary body at different distances from the peripheral edge of the retina. Cell counts were made on tissues obtained from eyes that received intraocular injections of either insulin or FGF2 alone. A total of 85 cells from 6 individuals were surveyed for the insulin-treatment, and Fig. 2 . The number of neurofilament-expressing in the NPE of the ciliary body decrease with increasing time after the injection of insulin and FGF2. Eyes received two consecutive daily injections of insulin and FGF2 starting at P7. Tissues were obtained at different times after the final injection upto P12. (A) Plot demonstrating that the number of neurofilament-labeled cells per 90,000 m 2 of the NPE is decreased between 1 and 5 days after the final injection of insulin and FGF2. (B) Plot demonstrating that the percentage of neurofilament-labeled cells in the NPE is increased between 1 and 5 days after the final injection of insulin and FGF2. (C-I) Whole-preparations of the NPE of the pars plana and pars plicata were labeled for neurofilament. (C, E, G, and I) The area to the left of the yellow line is the neural retina, and the area to the right is the NPE of the pars plana and posterior pars plicata. (D, F, and H) whole-mount preparations of the pars plicata, about 2 mm anterior to the neural retina. (J-L) Whole-mount preparation of the NPE of the ciliary body that illustrates a cell labeled for BrdU (in green) and neurofilament (in red) 1 day after the final injection of insulin and FGF2. Arrows indicate the double-labeled. The calibration bar (100 m) in (I) applies to (C-I), and the bar (25 m) in (M) applies to (K-M). a total of 72 cells from 8 individuals were surveyed for the FGF2-treatment. (E) A histogram illustrating the number of neurofilament-positive cells in the pars plana. Eyes remained uninjected or were injected at P3, P5, P7, P9, P11 with vehicle (BrdU ϩ BSA in saline), insulin alone, FGF2 alone, or insulin with FGF2. Tissues were fixed and processed for immunocytochemistry at P16. The significance (P Ͻ 0.005) of the difference between data sets was assessed by using ANOVA, and a post-hoc assessment of the significance (*, P Ͻ 0.001) of difference between groups treated with insulin alone and insulin with FGF2 was done by using a Student's t test. (F) Histogram illustrating the number neurofilament-expressing cells in the NPE of the pars plana 6 days after the last of 3 consecutive daily injections of EGF alone or EGF with insulin. The significance (*, P Ͻ 0.001) of the difference between the means of data sets treated with EGF alone and EGF with insulin was done by using a Student's t test. (Fischer et al., 2001 ). In addition, pigmented cells from the anterior portion of adult rodent eye are capable of generating new neurons in vitro in a neurosphere-forming assay (Ahmad et al., 2000; Tropepe et al., 2000) . Furthermore, Haruta et al. (2001) demonstrated that iris cells from the adult rodent eye are capable of expressing photoreceptorspecific genes with forced expression of the homeodomain transcription factor Crx. These observations suggest that the ciliary body may have the potential to generate neurons. To determine whether this region of the postnatal chicken eye contains cells with neurogenic potential, we made intraocular injections of a combination of growth factors that are known to stimulate neuronal differentiation in embryonic retinas, and assayed for newly generated neurons in the ciliary body. The chicken provides a useful model system in which to study the neurogenic potential of cells in the ciliary body because the eyes of chickens have a large area of NPE cells in the pars plana and pars plicata, while the eyes of rodents do not. We found that intraocular injections of insulin, FGF2, or EGF stimulated the proliferation of nonpigmented cells in the ciliary body and promoted the differentiation of some of these cells into various types of retinal neurons. We also found that these growth factors act on different regions of the ciliary body, indicating regional differences in responsiveness to growth factors.
Materials and methods

Animals
The use of animals in these experiments was in accordance with the guidelines established by the National Institutes of Health and the University of Washington. Newly hatched leghorn chickens (Gallus gallus domesticus) were obtained from H&N Highline International (Seattle, WA) and kept on a cycle of 16 h light, 8 h dark (lights on at 6:00 am). Chicks were housed in clear Nalgene cages at about 25°C. Chicks received water and Purina chick starter ad libitum.
Injections
Chicks were anesthetized and injected as described elsewhere (Fischer et al., 1998 (Fischer et al., , 1999 . For subcutaneous injections, chicks were anesthetized and BrdU (50 mg/kg; 2 mg BrdU in 100 l sterile saline) was injected into the left thigh by using a 1-cc disposable syringe with a 26-G needle. For intraocular injections, the left eye (control) was injected with 20 l of vehicle (sterile saline plus 0.1 mg/ml bovine serum albumin) and the right eye (treated) was injected with growth factors. Growth factors used in these experiments included purified bovine insulin (2 g per injection), recombinant human epidermal growth factor (EGF; 100 ng per injection), purified bovine fibroblast growth factor 2 (FGF2; 100 ng per injection), and recombinant noggin-Fc fusion protein (200 ng per injection). We used high doses of insulin instead of using IGF-I, because at high concentrations, the insulin should act at IGF receptors. All growth factors were obtained from R&D Systems and were dissolved in saline plus 0.1 mg/ml BSA and 100 g/ml 5-Bromo-2-deoxyuridine (BrdU; Sigma). Injection paradigms varied between experiments. Tissues were dissected and processed for immunocytochemistry at various times after the final injection.
Explant tissue culture
After enucleation, eyes were hemisected equatorially, and most of the gel vitreous was cut away from the anterior eye segment. The peripheral retina and ciliary body were dissected away from the sclera and lens in Hank's buffered salt solution (HBSS; Gibco) added with 0.6% D-glucose and 5 mM Hepes. This tissue was cut into smaller pieces, approximately 20 mm 2 . To label cells in the ciliary marginal zone of the retina, we stabbed this region with glass needle with the tip coated in Dil paste (Molecular Probes). Pieces of tissue were placed individually into wells of a 12-well plate plus 2 ml of culture medium (DMEM-F12, Gibco, plus 4% fetal bovine serum, 1 g/ml BrdU, 10 ng/ml FGF2, and 1 g/ml insulin). Tissues were kept at 37°C in 5% CO 2 for 3 days, and 1 ml of medium was replaced with fresh medium every day.
Fixation, sectioning, whole mounts, and immunocytochemistry
Retinas were dissected, fixed, sectioned, and immunolabeled as described elsewhere (Fischer et al., 1998 (Fischer et al., , 1999 . To obtain adequate immunolabeling in whole mounts of the peripheral retina and pars plana, the following procedures were used to overcome the barrier to antibody penetration that the gel vitreous imposed. Twenty-four hours prior to dissection, eyes were injected with 300 units of hyaluronidase (Sigma). Eyes were enucleated and transected equatorially, and the anterior hemi-segment was immersed in fixative [4% paraformaldehyde in 0.1 M dibasic phosphate buffer (PB) plus 3% sucrose, pH 7.4] for 30 min at room temperature. All washes and incubations were done on freefloating samples at room temperature and on a nutator, with washes lasting 15 min and incubations lasting 24 h. Tissues were washed 3 times in PBS, equilibrated in 20% sucrose in PBS, and subjected to three freeze-and-thaw cycles. The retina, pars plana, and adherent pigmented epithelium were dissected away from the choroid, sclera, and lens, cut into 4 radial quadrants, and each piece of tissue was placed individually into the wells of a 24-well plate. This was followed by consecutive washes in PBS, dH 2 O, 30% dimethylsulfoxide (DMSO) in dH 2 O, 70% DMSO, 30% DMSO, dH 2 O, and PBS. Tissues were incubated in 250 l of antibody solution (antibody diluted in PBS with 5% goat serum, 0.3% Triton X-100, and 0.01% NaN 3 ). Tissues were washed 3 times in PBS and incubated with secondary antibody. After incubation in the secondary, tissues were washes 3 times in PBS and fixed for 30 min in 2% paraformaldehyde in 0.1 M PB plus 3% sucrose. This was followed by a series of washes in PBS, 4 N HCl for 7 min, PBS, and incubation with BrdU-antibodies. After incubation with antibodies to BrdU, tissues were washed 2 times in PBS, incubated with secondary antibodies, and washed 2 times in PBS. Tissues were mounted in 4:1 glycerol to water for observation under an epifluoresence microscope.
Working dilutions and sources of antibodies used in this study included the following: mouse anti-BrdU at 1:80 (B3G4; Developmental Studies Hybridoma Bank, DSHB), rat anti-BrdU at 1:80 (Accurate Chemicals), mouse antineurofilament at 1:2000 (RMO270; Zymed), mouse anti-RA4 at 1:500 (Dr. S. McLoon, University of Minnesota), mouse anti-neurofilament-associated antigen at 1:80 (3A10; DSHB), mouse anti-Islet1 at 1:50 (39.4D5; DSHB); mouse anti-Hu at 1:200 (Monoclonal Antibody Facility, University of Oregon), rabbit anti-calretinin at 1:1000 (Swant Immunochemicals), rabbit anti-choline acetyltransferase (ChAT) at 1:1000 (1465; Dr. M. Epstein, University of Wisconsin), mouse anti-protein kinase C (PKC) at 1:25 (RPN536; Amersham), rabbit anti-glial fibrilliary acidic protein (GFAP) at 1:2000 (Dako); and rabbit anti-visinin at 1:1000 (Dr. R.S. Polans, Dow Neurological Institute, Portland, OR). Secondary antibodies included goat anti-rabbit-Alexa568, goat anti-mouse-Alexa568, goat anti-mouse-Alexa488, and goat anti-rat-Alexa488 (Molecular Probes Inc., Eugene, OR) diluted to 1:500 in PBS plus 0.3% Triton X-100.
Labeling for fragmented DNA
The TUNEL method was performed as described elsewhere (Fischer et al., 1998) .
Photography, measurements, cell counts, and statistical analyses
Most photomicrographs were taken by using a Ziess Axioplan II microscope equipped with epifluorescence, DAPI, FITC and rhodamine filter combinations, and a Spot Slider-RT digital camera (Diagnostic Inc.). A Ziess LSM 510 was used to obtain the fluorescent images in Figs. 7 and 8. Images were optimized for color, brightness, and contrast, and double-labeled images were overlaid by using Adobe Photoshop 5.5. Montage figures were made by overlaying the clearly focused portions of images across two or more fields of view. Cell counts were made on whole-mount preparation from at least four different animals, and means and standard errors were calculated on data sets from at least four individuals. Data from treated and control eyes were compared statistically with the appropriate test (StatView for Macintosh).
Results
Growth factors induce the differentiation of neurofilament-expressing cells in the NPE of the ciliary body
In the course of experiments designed to assay the influence of growth factors on progenitors at the retinal margin, we were surprised to find extensive labeling for neurofilament in the NPE of the ciliary body after intraocular injections of insulin, FGF2, or a combination of these factors ( Fig. 1A-D) . In insulin-treated eyes, we observed neurofilament-immunoreactive cells that were located up to 600 m anterior to the retinal margin into the NPE of the pars plana, with the majority of these cells residing within 200 m of the retinal margin ( Fig. 1B and D) . In FGF2-treated eyes, neurofilament-immunoreactive cells were present in the NPE of the pars plana and in the posterior portion of the pars plicata, between 10 and 3000 m anterior to the retinal margin ( Fig. 1C and D) . In all cases, there were fewer neurofilament-expressing cells in the NPE with increasing distance from the retinal margin (Fig. 1D) .
In a second series of experiments, we compared the effects of injections of saline, insulin, FGF2, or a combination of these two factors on the accumulation of neurofilament-immunoreactive cells in the NPE (Fig. 1E ). In eyes that received intraocular injections of saline, we observed a few cells in the NPE of the pars plana that were immunoreactive for neurofilament (Fig. 1E ). These cells were more abundant in dorsal regions of the pars plana, in close proximity to the sites of injection (0.4 Ϯ 0.3 cells per 90,000 m 2 vs 2.7 Ϯ 0.8 per 90,000 m 2 in ventral regions). Few neurofilament-immunoreactive cells were observed in ventral regions of the pars plana (Ͼ0.5 cm from the injection sites). The number of neurofilament-expressing cells in the NPE of the pars plana was increased by injections of the combination of insulin and FGF2, compared with numbers of neurofilament-expressing cells in the NPE of eyes injected with insulin or FGF2 alone (Fig. 1E ). These neurofilament-positive cells were distributed throughout the posterior 3 mm of the NPE of the ciliary body.
We compared the effects of FGF2 with those of EGF, another factor known to stimulate retinal neurogenesis (Anchan et al., 1991; Fischer and Reh, 2000) . In eyes that received injections of EGF, we found a few neurofilamentexpressing cells in the NPE of the ciliary body (Fig. 1F) . The number of neurofilament-expressing cells in the NPE was greatly increased by injections of EGF with insulin ( Fig. 1F ). These cells were scattered across the pars plana and pars plicata.
To determine how rapidly the neurofilament-expressing cells are generated in the NPE of the ciliary body after injections of growth factor, we made two consecutive daily injections of BrdU with insulin and FGF2 into the vitreous chamber and assayed for neurofilament/BrdU-immunoreactivity in the NPE at 1, 2, 3, and 5 days after the final injection. One day after the final injection, we observed neurofilament-labeled cells (47.7 Ϯ 6.6 cells per 90,000 m 2 ) in the pars plicata, up to 3 mm anterior to the retinal margin ( Fig. 2A, C, and D) . All of these neurofilamentexpressing cells were relatively small and formed a few short processes. Approximately 70% of the neurofilamentpositive cells were labeled for BrdU at 1 day after the final injection ( Fig. 2B and J-L), indicating that the cells were newly generated. With increasing time after the final injection, the number of neurofilament-expressing cells in the NPE decreased ( Fig. 2A and C-I) , while the percentage of neurofilament-expressing cells that were BrdU-labeled increased to nearly 100% (Fig. 2B) . The number of neurofilament-expressing cells in the NPE did not change significantly beyond 5 days after the last injection (data not shown). At no time after the injection of growth factors nor in untreated eyes did we observe TUNEL-positive nuclei in the NPE (data not shown), suggesting that none of the newly generated cells perished and that there is no turnover of NPE cells.
Neurofilament-expressing cells in the NPE of the ciliary body
To determine whether neurofilament-expressing cells in the NPE persist, we made observations 6 or more days after the final injection. All of the neurofilament-immunoreactive cells in the NPE were BrdU-labeled (264 cells surveyed from 12 eyes). These cells had a variety of morphologies. We characterized three types of neurofilament-expressing cells based on the length of their peripheral processes: (1) short (Ͻ20 m), (2) long (Ͼ20 m), and (3) very long (Ͼ500 m). Most of these cells were type 1 cells with relatively small somata between 5 and 7 m in diameter, and did not form lengthy peripheral processes (Fig. 3A-C) . Type 2 cells formed well-developed peripheral processes ( Fig. 3D-F ). Most type 2 cells tended to project their processes parallel to the folds of the pars plicata (lower cell in Fig. 3G-I) . Otherwise, there did not appear to be a trend as to the direction where the processes of these cells projected. In the example shown in Fig. 3G-I , two newly generated neurofilament-positive cells that were adjacent to each other projected processes in opposite directions. Less than 5% of the total number of neurofilament-positive cells were type 3 that formed peripheral processes that extended for more than 500 m (Fig. 3J-M) . For example, neurofilament/ BrdU-positive cells in the NPE might produce an axon that projected for several millimeters perpendicular to the folds of the pars plicata (Fig. 3J-M) . In some cases, neurofilament/BrdU-labeled cells in the NPE of the pars plicata formed numerous local processes and one or two longdistance projections that coursed toward the lens (data not shown). In other cases, neurofilament/BrdU-positive cells in the NPE of the pars plana produced axons that projected into the retina or away from the retina (data not shown). The presumptive axons of neurofilament/BrdU-labeled cells in the NPE were never observed in the anterior folds of the pars plicata near the lens. The percentage of cells that formed long (Ͼ20 m) processes was unaffected by different growth factors (Table 1) . Regardless of the growth factor treatment, between 23 and 25% of the neurofilamentpositive cells in the NPE fell into this category (Table 1) . The direction that long processes coursed across the NPE of the ciliary body was not dependent on the growth factor treatment.
Different markers of retinal neurons are expressed by cells in the NPE of the ciliary body
In the chick retina, neurofilament is expressed primarily by ganglion cells (Bennett and DiLullo, 1985a,b; Pittack et al., 1997) . Therefore, the expression of neurofilament in cells with long processes suggests that ganglion cells develop in the NPE of the ciliary body after growth factor injections. To confirm the results of neurofilament immunolabeling, we used several other ganglion cell-specific markers, including neurofilament-associated antigen (NAA) and RA4. RA4 is a monoclonal antibody that labels ganglion cells in the chick retina (McLoon and Barnes, 1989) . In uninjected eyes, there were no cells in the NPE of the ciliary body that were immunoreactive for NAA or RA4. However, in eyes treated with insulin, FGF2, or both factors together, we found BrdU-labeled cells immunoreactive for RA4 (Fig. 4A-C) or NAA (Fig. 4D-F) in the NPE of the ciliary body.
To test whether other types of retinal neurons were produced in the NPE of the ciliary body, we probed for the expression of a variety of markers in eyes treated with either insulin or FGF2. The markers we used included the following: (1) Hu, an RNA-binding protein related to the ELAV proteins of Drosophila that is expressed by neurons soon after they begin to differentiate (Marusich et al., 1994) , and is expressed by most if not all amacrine and ganglion cells in the chick retina Reh, 2000, 2001) ; (2) Islet1, a transcription factor containing homeo and lim domains (Pfaff et al., 1996) that is expressed by a few amacrine cells, many bipolar cells, and most ganglion cells in the chick retina (Fischer et al., 2002) ; (3) calretinin, a calcium-binding protein that is expressed primarily by amacrine and horizontal cells in the chick retina (Ellis et al., 1991; Rogers et al., 1990; Rogers, 1989; Fischer et al., 1999) ; (4) ␤3 tubulin, a subunit of microtubules that is exclusively expressed by neurons (Watanabe et al., 1991) ; (5) visinin, the chick homologue of mammalian recoverin that is expressed by all types of photoreceptors in the chick retina (Yamagata et al., 1990) ; (6) glial fibrilliary acidic protein (GFAP), an intermediate filament expressed by glial cells; (7) choline acetyltransferase (ChAT), the biosynthetic enzyme for acetyl choline that is expressed by cholinergic amacrine cells of the chick retina (Millar et al., 1987; Fischer et al., 1998) ; or (8) protein kinase (PKC), a protein expressed by ON-and rod bipolar cells (Koistinaho and Sagar, 1994; Kolb et al., 1993; Ueda et al., 1997) .
In eyes of chickens that did not receive injections, we did not find cells in the NPE of the ciliary body that were labeled for any of the above-listed markers. In tissues treated with either insulin or FGF2, we found many cells in the NPE that were labeled for BrdU and some of these neuron-specific markers. We found BrdU-labeled cells that expressed Hu Fig. 4P-V) . For each of these markers, the morphology of the labeled cell in the NPE was consistent with type of cell the marker was expressed by in the retina. For example, a calretinin-positive cell in the NPE of the ciliary body had an amacrine-like morphology (Fig. 4M-O) . Some of the ␤3 tubulin-positive (Fig. 4P-R) , while others were unipolar and produced peripheral processes that projected for hundreds of microns ( Fig. 4S-V) . All of these cell types were produced after treatment with either growth factor. In the eyes of chickens that received injections of saline, we found between 4-to 10-fold fewer cells labeled for Hu, calretinin, Islet1, or ␤3 tubulin than in tissues treated with insulin or FGF2. In eyes that received injections of insulin and FGF2, we found a few cells that expressed GFAP (Fig.  4W) . Regardless of growth factor injections, we did not find any cells in the NPE of the ciliary body that were immunoreactive for visinin, PKC, or ChAT.
Pax6 and Chx10 are coexpressed by cells in the NPE of the ciliary body
The fact that a program of neurogenesis can be induced in tissue that is normally not neurogenic motivated us to better characterize the NPE of the ciliary body. To this end, we labeled sections of the ciliary body with antibodies to the homeodomain transcription factors Pax6 and Chx10. Neural progenitors that express both Pax6 and Chx10 include those in the embryonic retina (Belecky-Adams et al., 1997), at the retinal margin in the postnatal chick (Fischer and Reh, 2000) , and those derived from Müller glia in acutely damaged retina (Fischer and Reh, 2001b) .
Chx10-positive nuclei were detected throughout the NPE of the pars plana (Fig. 5B ) and the posterior portion of the pars plicata ( Fig. 5F and J) up to 3 mm anterior to the peripheral edge of the retina, or about 2.5 mm anterior to the pars plana. In the NPE of the ciliary body, Pax6-positive nuclei were detected throughout the pars plana (Fig. 5C ) and all of the pars plicata ( Fig. 5G and K) out to the zonular attachments to the lens. More than 98% (306 of 311) of the DAPI-labeled nuclei in the NPE of the pars plana coexpressed Pax6 and Chx10 (Fig. 5A-D) . The percentage of Pax6/Chx10 double-labeled cells decreased to zero in anterior regions of the pars plicata (Fig. 5I-L) , about 3 mm anterior to the peripheral edge of the retina. The region of Pax6/Chx10-coexpressing cells in the NPE of the ciliary coincided with the area where we observed newly generated neurons following growth factor treatment. Labeling for Pax6 and Chx10 in the ciliary body remained unchanged between postnatal day 7 (P7) and P30. Following injections of growth factors, the vast majority of cells in the posterior NPE remain as Pax6/Chx10-coexpressing cells (data not shown).
Exogenous growth factors stimulate the proliferation of cells in the NPE of the ciliary body
To test whether proliferating cells are normally found within the NPE of the ciliary body, we gave five subcutaneous injections of BrdU and assayed for labeled cells in whole-mount preparations 6 days after the final injection. We found many BrdU-labeled cells within the NPE of the ciliary body scattered throughout the pars plana and pars plicata (Fig. 6A) . To test whether intraocular injections of saline influence the proliferation of NPE cells, we gave five subcutaneous injections of BrdU and injected the left eye with saline, while the right eye remained uninjected. We found that injections of saline did not significantly influence the number of BrdU-labeled cells found in the pars plana or pars plicata (Fig. 6A) .
Since we found regional differences in the accumulation of neurofilament-expressing cells in the NPE of the ciliary body, we sought to determine whether the factors that induce neuronal differentiation have regional effects upon the proliferation of nonpigmented cells in the pars plana and pars plicata. Multiple intraocular injections of insulin significantly (P Ͻ 0.001) increased the number of BrdU-labeled cells found in the pars plana; however, insulin did not stimulate BrdU-accumulation in nonpigmented cells in the pars plicata (Fig. 6A, D , and L). By contrast, injection of FGF2 stimulated the incorporation of BrdU in cells in the pars plicata (P Ͻ 0.001), but did not increase numbers of BrdU-labeled cells in the pars plana (Fig. 6A) . Coinjection of insulin and FGF2 significantly (P Ͻ 0.001) increased the number of BrdU-labeled cells in both the pars plana and pars plicata (Fig. 6A, E, and J) . However, the increased number of BrdU-labeled cells resulting from the combination of insulin and FGF2 was not significantly different from that observed with insulin alone or FGF2 alone (Fig.  6A) . In eyes injected with EGF, we observed numbers of BrdU-labeled cells in the NPE of the pars plana and pars plicata that were not significantly different from numbers observed in eyes injected with BrdU in saline (Fig. 6B , E, and K). Injection of the combination of EGF and insulin significantly (P Ͻ 0.001) increased the number of BrdUlabeled cells in the pars plana (Fig. 6B, G, and L) . Interestingly, while EGF alone and insulin alone did not stimulate the proliferation of cells in the pars plicata ( Fig. 6A and B) , the combination of these factors resulted in a significant (P Ͻ 0.05) increase in proliferation (Fig. 6B) . The proliferation induced by EGF and insulin was concentrated in the pars plana, directly adjacent to the retina (Fig. 6E and L) . In response to EGF and insulin, the NPE of the pars plana, which is normally a monolayer of cuboidal cells (Fig. 6M) , became increased in thickness and appeared to form a pseudostratified columnar epithelium (Fig. 6N) , similar to the primordial retina observed in early stages of embryonic development.
The effects of noggin on NPE cells
A recent report by Zhoa et al. (2002) demonstrated that ectopic expression of noggin by lens cells inhibits the normal development of the ciliary body and causes the differentiation of ectopic neurons in the NPE of the mouse ciliary body. Thus, the effects of noggin on the developing mouse ciliary body are similar to those that we observed for insulin, FGF2, and EGF on the mature chicken ciliary body. Therefore, to determine whether noggin influences the chicken ciliary body, we made three consecutive daily intraocular injections of noggin and assayed for the proliferation and neural differentiation of NPE cells. We found that noggin did not influence the proliferation of NPE cells in the pars plana (Fig. 7A-C) or the pars plicata (data not shown). In addition, there was not a significant increase in the number of neurofilament-expressing cells in the dorsal regions of NPE, near the sites of injection (Fig. 7D-F) . 2 in the NPE of the ciliary body. Eyes were uninjected (sub-Q) or received injections of saline, insulin alone, FGF2 alone, or insulin and FGF2. Five injections were made every second day over 10 days starting at P5, and tissue was harvested 6 days after the final injection. BrdU was delivered into the vitreous chamber of the eye, except for the sub-Q and saline data sets, where BrdU was applied subcutaneously. Cell counts were made
Cells in the CMZ of the retina do not migrate into the ciliary body
We have reported elsewhere (Fischer and Reh, 2000) that the retina of postnatal chickens contains a ciliary marginal zone (CMZ) of neural progenitors that proliferate and produce new neurons. We considered the possibility that newly generated neurons found in the NPE of the ciliary body were derived from progenitors in the CMZ. To test this hypothesis, we used an in vitro explant paradigm. We cultured explants (n ϭ 10) of the ciliary body for 3 days in the presence of insulin and FGF2; conditions in which newly generated neurons appear in the NPE of ciliary body in vivo. Cells in the CMZ were labeled with Dil prior to culturing the explants; we labeled between two and five clusters of cells per explant. After 3 days in vitro, we never observed Dil-labeled cells in the ciliary body (Fig. 8) . Dil-labeled cells were often observed extending into the neural retina away from the ciliary body (Fig. 8) . These findings suggest that, in the from whole-mount preparations. (B) Histogram illustrating the number of BrdU-labeled cells per 5000 m 2 in the NPE of the ciliary body. Eyes were treated with EGF alone, insulin alone, or insulin and EGF. Three consecutive daily injections were made starting a P7, and tissue was harvested 6 days after the final injection. Data in (A) and (B) were obtained from dorsal regions of the ciliary body, within 3 mm of the injection sites. The significance (P Ͻ 0.005) of difference within data sets was assessed by using ANOVA, and the significance (*,P Ͻ 0.001) between of the means of saline and growth factor-treated samples was assessed by using a two-tailed Student's t test. (C-N) Three consecutive daily injections of saline (C and H), EGF (D and I), insulin, and EGF (E and J), insulin alone (F and K), or insulin and FGF2 (G and I) were made into eyes starting at P7 chicks, and tissues were obtained 1 day after the final injection. presence of insulin and FGF2, neural progenitors in the CMZ do not migrate into the ciliary body.
Discussion
Here, we report that a region of nonpigmented cells in the ciliary body, including the entire pars plana and posterior portion of the pars plicata, is capable of producing neurons in vivo. This region of tissue is comprised of a simple cuboidal epithelium that forms a large area within each eye, nearly one-sixth the area of the retina. In response to intraocular injections of growth factors, cells in this zone proliferate at increased rates and a few of these cells differentiate into neurons. Thus, we propose that this region of the eye contains retinal precursor cells that lie dormant, but can be activated by insulin, EGF and FGF2.
Other than the NPE, there are two possible sources of neurons in the ciliary body: the progenitors in the CMZ at the retinal margin or the pigmented epithelium. It is unlikely that neurons in the NPE of the ciliary body were derived from progenitors at the retinal margin that normally add neurons into the peripheral edge of the retina (Fischer and Reh, 2000) . One day after a single dose of insulin and FGF2, we found neurofilament-positive cells in the NPE of the ciliary body up to 3000 m from the CMZ. It is unlikely that precursor cells could migrate several mm from the CMZ into the ciliary body within 24 h. In addition, we found from Dil-labeling experiments that cells in the CMZ migrate into the retina, not into the ciliary body (see Fig. 8 ). Therefore, neurofilament-positive cells in the NPE of the ciliary body were likely to be derived locally. It is also possible that newly generated neurons in the NPE were derived from the pigmented cells of the ciliary body. Since the pigmented layer lies immediately adjacent to the NPE, the pigmented cells could have migrated a short distance into the NPE to generate neuronal cells. In addition, many studies have shown that, in amphibians and chick embryos, pigmented epithelial cells can generate retinal progenitor/ stem cells (reviewed by Reh and Pittack, 1995; Reh and Levine, 1998; Hitchcock 1997, 2000) . In the chick, the ability of the RPE to transdifferentiate into neural precursors is lost early during development at about embryonic day 4 (Park and Hollenburg, 1993; Pittack and Reh, 1991) . However, we have recently identified pigmented epithelial cells in the pars plana of the postnatal chicken that continue to express the transcription factors Pax6 and MITF (Fischer and Reh, 2001a) . We demonstrated that intraocular injections of the combination of insulin and FGF2 can cause these pigmented cells to proliferate, lose their pigmentation, express Chx10, and perish, suggesting that these cells undergo transdifferentiation that is aborted in vivo. It remains uncertain whether pigmented cells in the ciliary body of the postnatal chicken eye are capable of producing neurons. As noted above, some type of pigmented cell in the eyes of mice is also capable of generating neurons in vitro (Ahmad et al., 2000; Tropepe et al., 2000) . However, we do not think that neurons found in the NPE are derived from pigmented cells for two reasons. First, we rarely find cells containing pigment granules in the NPE after the injection of growth factors. Second, none of the neurofilament-positive cells in the NPE contained pigment granules, even at 1 day after growth factor injection, when a pigmented cell likely would have had insufficient time to lose its pigmentation.
We propose that the NPE of the ciliary body may contain cells that are similar to early progenitors or stem cells of the developing retina. Perron et al. (1998) characterized the retinal margin of the frog and demonstrated a gradient in maturity with the most primordial cells residing in more anterior regions compared with more mature cells that reside in more posterior regions, adjacent to the retina. If a similar gradient exists in the chicken eye, the most primitive retinal cells should be found in the pars plana and pars plicata, while more restricted progenitors would be present in the CMZ. The primordial nature of the precusor cells in the NPE of the ciliary body may be represented by the types of neurons that are produced. During embryonic retinal development, ganglion cells are the first neuronal type to be produced (Kahn, 1973; McCabe et al., 1999) , and this is followed closely by the production of amacrine neurons (Prada et al., 1991) . Progenitors at the retinal margin of postnatal chickens produce primarily amacrine and bipolar neurons, with no evidence for the production of ganglion cells (Fischer and Reh, 2000) , suggesting that these progenitors may be late progenitors. Similar to the progenitors of the early embryonic retina during the initial stages of differentiation, progenitors in the NPE of the ciliary body produce what appear to be amacrine and ganglion cells in response to exogenous growth factors. Taken together, these findings suggest that neurogenic cells in the chicken NPE of the ciliary body may be similar to early progenitors, while the neurogenic cells within the CMZ are similar to late progenitors.
We found that the expression of neurofilament is transient in some NPE cells. Consistent with the findings presented here, we have recently reported that insulin and FGF2 transiently induce the expression of neurofilament by progenitors at the retinal margin (Fischer et al., 2002) . In addition, others have reported that neurofilament-expression is transient during the differentiation of hair cells in the mouse cochlea (Hasko et al., 1990) , cerebellar granule cells in the rat (Cambray-Deakin and Burgoyne, 1986) , cholinergic amacrine cells in the chick retina (unpublished observations), and in neuroepithelial and neuroblastic cells of the chick central nervous system (Bennett and DiLullo, 1985a,b) . At 1 day after the final injection, there were about 34 BrdU/neurofilament-positive cells per 90,000 m 2 , and this was reduced to about 8 BrdU/neurofilament-positive cells by 5 days after the final injection. This finding indicates that only 23% of the BrdU/neurofilament-labeled cells at 1 day after the final injection retain their expression of neurofilament by 5 days after the final injection. The de-crease in the number of neurofilament-expressing cells in the NPE was not caused by the death of these cells since we did not find apoptotic nuclei in this region.
The production of neurofilament-expressing neurons in the ciliary body was stimulated by injections of either insulin, EGF, or FGF2, and was further increased by coapplication of insulin with EGF or FGF2. These growth factors have similar effects during the development of the retina. During embryonic development, IGFs and insulin have been shown to stimulate the proliferation and neurogenesis of retinal progenitors (de La Rosa et al., 1994; Hemandez-Sanchez et al., 1995; Frade et al., 1996) . By comparison, EGF and FGFs have been shown to stimulate the proliferation of embryonic retinal progenitors (Anchan et al., 1991; Guillemot and Cepko, 1992; Lillien and Cepko, 1992; Anchan and Reh, 1995) and induce the differentiation of neurofilament-expressing retinal ganglion cells in the embryo (McCabe et al., 1999) and at the retinal margin of postnatal chickens (Fischer et al., 2002) . In vitro, FGF2 has been shown to induce the differentiation of neurofilamentexpressing cells derived from the adult rodent iris (Haruta et al., 2001) . Taken together, these findings suggest that the nonpigmented cells of the ciliary body respond to exogenous growth factors in ways similar to those of embryonic retinal progenitors. Zhoa and colleagues (2002) recently demonstrated that the BMP antagonist noggin interferes with the normal development of the mouse ciliary body, and that with the suppression of BMP-mediated signaling, ectopic neuronal cells appear in place of normal NPE cells. However, we found that intraocular injections of noggin into the eyes of postnatal birds had no effect on the proliferation of NPE cells and had no significant effect on the neuronal differentiation of NPE cells. This finding suggests that BMPs may not be required for the maintenance of the nonneuronal state of the NPE of the ciliary body beyond early stages of development. A corollary of this is that insulin, EGF, and FGF2 activate a latent program of neurogenesis in the NPE rather than override BMP-mediated suppression.
It is interesting to note that a few neurons were generated in the NPE by simply puncturing the eye. Since growth factors are capable of stimulating NPE cells to produce neurons, it is likely that damage-liberated growth factors may be responsible for the neurons observed in the NPE of eyes injected with BrdU in saline. While the NPE of the pars plana and pars plicata of uninjected eyes did not contain any neurons, these tissues contained a few newly formed neurons in eyes that received injections of BrdU in saline. These neurons were concentrated in regions of the NPE that were near the sites of injection. This finding suggests that the damage elicited by puncturing the eye was sufficient to stimulate proliferating cells in the NPE to differentiate into neurons. It is possible that puncture-induced damage liberated a number of secreted factors, and these factors induced the production of neurons in the NPE of the ciliary body.
We found that newly generated cells in the ciliary body were immmunoreactive for a variety of different neuronal markers, including neurofilament, NAA, RA4, ␤3 tubulin, calretinin, and Hu. Within the neural retina, these markers are expressed by amacrine and ganglion cells. Additionally, antibodies to calretinin label horizontal cells (Ellis et al., 1991; Rogers et al., 1990; Rogers, 1989 ; Fischer et al., Fig. 8 . Progenitors in the ciliary marginal zone (CMZ) of the retina do not migrate into the ciliary body. Cells within the CMZ were labeled with Dil (red) and grown as explants for 3 days in the presence of insulin and FGF2. Dil-labeled cells were never observed in the pars plana of the ciliary body. Whole-mount preparations were observed by using confocal microscopy (A) and transmitted white light (B). The semitransparent yellow line indicates the peripheral edge of the retina. The scale bar in (B) represents 100 m. 1999). Many newly generated cells in the NPE had the morphology of mature neurons, in particular amacrine and/or ganglion cells, with presumptive dendritic arbors and/or axons. By contrast, we found no evidence for visininexpressing photoreceptors, PKC-expressing bipolar cells, and cholinergic amacrine cells, suggesting that not all types of neurons are produced by cells in the NPE. This may be due to an intrinsic limitation in the potential of these cells, or by a limit in the microenvironment that is necessary for the production of all types of retinal neurons. We have recently found that the production of ganglion cells by progenitors at the retinal margin can by stimulated by exogenous growth factors (Fischer et al., 2002) , suggesting that the local microenvironment limits the types of neurons that are produced by progenitors at the retinal margin. Similar limitations in the local microenvironment of the NPE of the ciliary body may prevent the production of photoreceptors, bipolar cells, and cholinergic amacrine cells. It is also possible that these cells lack the necessary intrinsic factor required for the production of photoreceptors. For example, virus-mediated overexpression of Crx was required to produce photoreceptor gene expression in the rat iris (Haruta et al., 2001) .
Our data also suggest that there are regional differences in the NPE of the ciliary body. Consistent with prior reports, FGF2 did not significantly increase the proliferation of the nonpigmented cells in the pars plana (Fischer and Reh, 2000) . However, FGF2 induced a significant increase in the number of proliferating and neurofilament-expressing cells in the pars plicata, up to 3000 m anterior to the peripheral edge of the retina. By comparison, insulin alone stimulated the proliferation and differentiation of neurofilament-expressing cells in the pars plana, within 600 m of the peripheral edge of the retina. Furthermore, the combination of EGF and insulin resulted in a large increase in the proliferation NPE cells in the pars plana, but only a minor increase in proliferation of NPE cells in the pars plicata. Consistent with the hypothesis that there are regional differences within the NPE of the ciliary body, SchlotzerSchrehardt and Dorfler (1993) demonstrated regional differences in the distribution of immunolabeling for EGF, FGF2, IGF-I, and TGF-␤ in the human pars plana and pars plicata. Others have demonstrated regional differences within the NPE of the ciliary body in the distribution of carbonic anhydrase (Muther and Friedland, 1980; Flugel et al., 1989) , Na ϩ /K ϩ -ATPase isoforms (Flugel and Lutjen-Drecoll, 1988; Ghosh et al., 1990) , and tight junctions (Noske et al., 1994) . These studies demonstrated that carbonic anhydrase, Na ϩ /K ϩ -ATPases, and tight junctions are concentrated in anterior regions of the ciliary body. In general, the NPE of the ciliary body is thought to produce components of vitreous body, but the machinery responsible for aqueous secretion appears to be concentrated in anterior portions of the pars plicata (Flugel et al., 1989; Flugel and Lutjen-Drecoll, 1988) .
We conclude that insulin, FGF2, and EGF are capable of stimulating the proliferation and neuron production of cells in the ciliary body. These growth factors either reactivate a latent neurogenic potential or override an active suppression of neurogenesis in the postnatal eye. Our data indicate that the posterior region of the NPE holds the potential for neurogenesis.
